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I. INTRODUCTION AND SuNMARY 

The present program is primarily concerned with the  analysis  and 

design of a t ransporter  t o  be used by Apollo astronauts t o  extend t h e i r  

operating range on the  moon. Goals of the  program are t o  design a one- 

man t ranspor te r  with the  following charac te r i s t ics :  

1. 
2 .  

maximum gross weight from 1000 t o  1200 pounds f u l l y  loaded 

payload of approximately 80 pounds (excluding p i l o t  and h i s  

l i f e  support system) when f u l l y  fueled 

minimum operating range of 10 m i l e s  3. 

I n  the  course of examining t h e  problem of mobility on the  Moon, t he  

question arose whether it should not be possible t o  take advantage of 
t he  weak lunar grav i ty  and leap from one point t o  another. 

ever, should not be by rocket with i t s  excessive propellant consumption, 

but  by pressing against  the  lunar surface with a foot ,  after the  manner 

Leaping, how- - 

of ce r t a in  t e r r e s t r i a l  creatures  such as the  kangaroo, rabbit, and frog. 

A terrestr ia l  demonstrator of the  basic "hopper" i s  now being b u i l t  and 

is  described i n  Section 111. 

years work on such a demonstrator and a l so  on the  ultimate lunar system 

the  "Lunar Pogo", under NASA Grant NGR-05-020-258. Basic charac te r i s t ics  

summarized below a l s o  appeared i n  semi-annual report  SUDAAR 359. 

The following s t a t u s  report  summarizes one 

( 5 )  

B a l l i s t i c s :  Hopping i s  w e l l  adapted t o  the  low lunar grav i ta t iona l  
2 accelerat ion of 5.31 f t / sec  . 

15 f t / s ec  r e s u l t s  i n  a horizontal  leap of 50 f t  i n  4 sec, with a maximum 

A t  45' e levat ion launch, a velocity of 

horizontai  capability'') of 10.7 f t / s e c  or 7.3 miles/hr. Similarly (2 )  , 
a launch veloci ty  of 42 f t / s ec  y ie lds  leaps of 420 f t  i n  14 .3  sec, and a 

m a x i m u m  speed of 28 f t / sec  or 19 miles/hr. Pauses between leaps w i l l  of 

course decrease the  average speed. I n  the  event t h a t  a given landing 

area may be found t o  be unsat isfactory - a crevasse or a large rock, f o r  

example - a f a i l  sa fe  or abort  capabi l i ty  can be provided by adding a 
r e l a t i v e l y  l i g h t  rocket system. A 1200 l b  vehicle executing 50 f t .  hops 

can for example be stopped dead i n  mid-flight by a rocket e jec t ing  less 

than 2 lbs .  of propellant at  I = 200 sec.  
SP 
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Human Factors: The f irst  and most important question t o  be consid- 

ered i n  a manned hopping t ransport  system is of course "Can the  p i l o t  

take i t ? "  

mainly t o  steady accelerat ion (centr i fuges)  or single  impulses ( e  Section 

s e a t s ) .  

repeated accelerat ions necessary f o r  a hopping t r i p  a re  described i n  

Section 11. 

involving average accelerat ions of 3 g ' s  l a s t i n g  a t o t a l  (decel  plus 

acce l )  of 0.3 seconds each and separated by about 3 seconds of f r e e - f a l l  

f l i g h t .  

or exploratory stops would be made a t  frequent in te rva ls .  

Previous work on human tolerance t o  a ~ c e l e r a t i o n ' ~ )  r e l a t e s  

Experiments t o  inves t iga te  how well  a man can t o l e r a t e  the 

A 10-mile t r i p  might require  one thousand 5O-foot leaps, 

It would of course be both possible and highly probable t h a t  r e s t  

I n  the  absence of firm human tolerance data, the Pogo vehicle has 

been s ized  f o r  average accelerat ions of 3 g over 0.3 second. 

thrust-t ime function produced by a f ixed mass of expanding gas i s  an 

instantaneous 5g decreasing rapidly t o  l g  over 0.15 second. 

of accelerat ion w i l l  probably be blunted by the  compliance of the system 

(and the  p i l o t ) ,  and could be t a i lo red  t o  any desired shape by su i tab le  

gas valving and adjustment of accelerat ion dis tance.  

The na tura l  

This "spike" 

Propulsion: 

p i s ton  (Fig.  1). 

a s t e a m  engine, depends on the  mechanical work done by a working f lu id ,  

r a the r  than on the  momentum of a propellant,  as with a rocket.  

motion is la rge ly  conservative, i n  t h a t  the  majority of the  gas expansion 

work done at  launch may be recovered by gas compression upon landing. 

Fuel consumption i s  low; a ten-mile excursion of a 1-man, 1200 l b  vehicle 

should be accomplished with the expenditure of 50 lbs .  of N at  ambient 

temperatures, or 10 l b s .  of N H decomposed at  2000'F. 

system must meet the novel requirement t h a t  each individual leap be 

t a i lo red  t o  the  t e r r a i n .  Leap length, and up or down h i l l  slope, a l l  
a f f e c t  the  required p is ton  pressure and hence the gas mass used. 

Propulsion i s  accomplished by expanding gas against  a 

This propulsion system performance, analogous t o  t h a t  of 

- 
Hopping 

2 
The propulsion 2 4  

Stabi l iza t ion :  It i s  e s s e n t i a l  that a manned hopping vehicle maintain 

a prescribed a t t i t u d e  at  a l l  t i m e s .  A preliminary review of human fac to r s  

and s t r u c t u r a l  problems indicates  that a b e t t e r  design r e s u l t s  i f  one does 

not attempt t o  maintain the p i l o t  continuously upright, but during acceler-  

a t ion  and decelerat ion ro t a t e s  him and the vehicle so that accelerat ion 

2 
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vectors have a f ixed  or ien ta t ion  r e l a t i v e  t o  h i s  body (Fig. 2) .  

a t t i t u d e  cont ro l  can be accomplished by paired gyroscopes whose mass i s  

approximately 2 6  or  l e s s  of the  systems mass. 

This 

Control: It w i l l  be necessary f o r  the  p i l o t  t o  ident i fy  a su i tab le  

landing point and supply the cont ro l  system with i t s  coordinates, i n  order 

t h a t  a proper launch veloci ty  and elevat ion be s e t  i n t o  the  system. The 

opt ics ,  e lectronics ,  servos and computer log ic  needed t o  do t h i s  have not 

y e t  been designed. It has been assumed f o r  the  present that these compo- 

nents w i l l  be within the state of t he  art. It should be mentioned t h a t  

a vehicle capable of 50 f t .  horizontal  hops is  a l s o  capable of 30 foot  

v e r t i c a l  reconnaisance hops i n  s i t u ,  during which the t e r r a i n  can be 

scanned f o r  su i tab le  landing s i t e s .  This same v e r t i c a l  capabi l i ty  could 

be used i n  negotiating s tep- l ike differences i n  l eve l .  

0 Lunar Surface Reaction: Launch at  45 requires  a horizontal  t r ac t ion  

force equal t o  the  v e r t i c a l  force of the launching "foot". 

a properly sized and cleated foo t  t o  supply these forces  is  d i f f i c u l t  

without more knowledge of t he  lunar surface material ,  which it i s  hoped 

w i l l  be avai lable  s o o n .  A l a u n c h  a n g l e  g r e a t e r  t h a n  45' f r o m  

horizontal  can always be found which w i l l  l i m i t  t h e  required horizontal  

t r a c t i o n  force component t o  whatever t he  s o i l  can provide. The possible 

presence of rocks of a s ize  comparable t o  the "foot" is a l so  a source of 

problems. The philosophy adopted i n  t h e  design of the  foot  i s  that it 

w i l l  be possible  within l i m i t s  f o r  the  astronaut t o  choose h i s  path so  

t h a t  unacceptable obstacles a re  avoided, as i s  of ten the  case i n  terrestrial  

exploration. 

being designed i n  which c l e a t s  can be impacted and launched from sand beds, 

t o  give ins ight  i n t o  skid and other aspects of s o i l  behavior under t ran-  

s i e n t  loads. 

The design of 

Because of the  absence of s o i l  data, a simple experiment i s  

4 
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11. HUMAN FACTORS I N  HOPPING LOCOMOTION 

The setup for t e s t i n g  human accelerat ion tolerance i s  pictured i n  

Fig. 3, and operates as follows: 

r e e l s  i n  a cable which l i f t s  the  s e a t  t o  a maximum height of 6 f t  i n  

5 t o  12 seconds; 

from the  dr ive t r a i n  allowing the  sea t  t o  accelerate  downward under the 

influence of gravi ty ,  and 

rapidly stopped i n  a distance of 2-1/2 f t  or less by the act ion of shock 

absorbers mounted on e i t h e r  s ide of t he  sea t  frame. Hydraulic cylinders 

have been modified t o  a c t  as shock absorbers. Variable r e s t r i c t i o n s  i n  

the  f l u i d  l i n e s  allow the accelerat ion forces  which stop the sea t  t o  be 

varied.  Gearing i n  the  drive t r a i n  permits t h i s  cycle t o  be repeated a t  

approximate in t e rva l s  of 5, 7, or 12 seconds. Accelerometers attached 

t o  the  seat frame and t o  the test  subject w i l l  be used t o  record 

accelerations.  

1) an e l e c t r i c  motor-driven dr ive t r a i n  

2 )  an electromagnetic c lutch then disengages the spool 

3) as the  sea t  approaches the ground, it i s  

With the  t e s t  setup i n  i t s  present form, the following parameters 

can be varied: 

deceleration, 3) spacing of accelerat ion peaks, 4) length of cyc l ic  

run, and 5)  seat inc l ina t ion .  It is  expected t h a t  the i n t i a l  phase of 

t he  t e s t i n g  program w i l l  involve measuring accelerat ion tolerance as a 

function of changes i n  these parameters. Based on these r e su l t s ,  a 
decision w i l l  be made whether t o  modify the present t e s t  setup so tha t  

the e f f e c t s  on accelerat ion tolerance can be studied of such features  

as d i f fe ren t  spring-shock combinations (for changing the shape of the  

accelerat ion peaks), a sea t  rocking motion ( t o  simulate reor ientat ion of 

the  fixed-leg pogo between and during hops), and d i f fe ren t  seat ing 

materials.  

1) veloci ty  at contact, 2 )  duration of accelerat ion and 

A "protocol" document i s  being prepared describing the circumstances 

of the  test program i n  d e t a i l  as they a f f e c t  human subjects.  

survey of the  t e s t  f a c i l i t y  has already been car r ied  out by Dr. Falph 

Pe l l ig ra ,  M.D., of the  IJASA-Ames s t a f f .  Both objective and subjective 

da t a  w i l l  be gathered, and the analyses used both i n  component hardware 

design and as input t o  the integrated system analysis (Ref. 4, p. 20-07) 

which i s  a goal  of the  Pogo program. 

A preliminary 

6 



cl 
0 
d 
-P a 
k 

a, 
0 

: 
8 
M 

6a 



111. TERRE3TRIAL DEMONSTRATOR FOR HOPPING LOCOMOTION 

During the  contract  period work was begun on a small model t o  be 

operated on the  e a r t h  which would give a p r a c t i c a l  demonstration of the  

f e a s i b i l i t y  of the  lunar  hopper concept. As this i s  only a f e a s i b i l i t y  

demonstration, the  i n i t i a l  design specif icat ions a re  s e t  t o  give a simple, 

lightweight vehicle t h a t  w i l l  be inexpensive and easy t o  construct.  The 

vehicle i s  t o  weigh approximately 50 lbs . ,  and have the capacity of 

making 20 t o  30 hops of about 10 f e e t .  

begun i n  three  major area af fec t ing  the design: propulsion, control,  

and s t ruc ture .  

With t h i s  goal i n  mind work has 

A p r o f i l e  of the  propulsion system i s  shown i n  Figs. 4 and 5 ,  and a 
de ta i led  analysis  i s  presented i n  Section V. The plumbing schematic is  

shown i n  Fig. 6 and the  pressure-time h is tory  i n  Fig. 7. 
Control of the  propulsion cycle probably w i l l  b e  a r a d i o  

s i g n a l  f r o m  t h e  g r o u n d  t o  i n i t i a t e  e a c h  h o p .  The cycle w i l l  

begin when a small receiver  on board receives a s igna l  from a ground 

t ransmi t te r .  This w i l l  t r i gge r  a timing c i r c u i t ,  which w i l l  make a square 

pulse of a predetermined length.  This pulse is  used t o  control  a solenoid 

dr iver  which amplifies the pulse so t h a t  it has su f f i c i en t  power t o  move 

the solenoid valve. A possible a l t e rna t ive  a l s o  being considered i s  

making a pulse of the proper duration on the ground and sending t h i s  t o  

the  vehicle by means of a su i tab ly  modulated s ignal .  This system has the 

advantage of reducing vehicle weight and making it possible t o  change the 

pulse width without approaching the  vehicle.  It does, however, require 

a s l i g h t l y  more complicated receiver .  I n  e i t h e r  case, it i s  expected that 

the t ransmi t te r  and receiver  would be similar t o  items commercially ava i l -  

able  f o r  use i n  model a i rplanes.  

I n  addition t o  the  propulsion system, an a t t i t u d e  cont ro l  system i s  

being developed. Because the  primary purpose of the  vehicle i s  t o  demon- 

strate the f e a s i b i l i t y  of the  hopping mode of transportation, and because 

the ult imate 3-axis control  w i l l  be complex and expensive, it was decided 

t o  m a k e  t he  vehicle passively s tab l ized  i n  a horizontal  plane by means 

of a s ingle  strap-down gyroscope with a v e r t i c a l  axis. 
s t a b i l i t y  w i l l  be aided by a v e r t i c a l  t a i l  f i n .  

Azimuthal angle 

The gyro t o  be used 

7 
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(Fig. 8) is  taken from a Norden bomb s ight .  It weighs 8.5 lbs. 

The work done i n  the  s t ructures  area t o  date has been primarily 

def in i t ion  of the  basic configuration of the vehicle. 

been l imited t o  work on the landing legs  f o r  the  vehicle and r e l a t ive  

posit ioning of the  propulsion and control  components of the vehicle. 

So far, t h i s  has 

Study of the  s t ruc tu ra l  configuration of the vehicle is  under way. 

Since the landing shock w i l l  not be absorbed by the propulsion pis ton i n  

t h i s  simple device, a broad t r ipod configuration with low center of 

gravi ty  and shock absorbers i n  the legs  w i l l  be employed. 

model f o r  study of the configuration i s  shown i n  Fig. 9. 
A "stick" 

Landing legs  which resemble those of the  Surveyor se r i e s  spacecraft 

i n  concept a re  considered necessary t o  provide s t a b i l i t y  during landing. 

On the  f u l l  scale  c r a f t  however the control system w i l l  be sophisticated 

enough t o  handle landings on a s ingle  powered leg.  I n  the model, with 

i t s  passive control  system, horizontal  s t a b i l i t y  i s  provided by three 

landing legs;  the  base formed by these legs  being wide enough t h a t  the 

deceleration force w i l l  not cause an over-turning moment. 

To handle the condition shown i n  Fig. 10 i s  not too d i f f i c u l t .  

i f  the  vehicle were allowed t o  ro t a t e  about i t s  ve r t i ca l  axis, it would 

be required t o  accept a force whose horizontal  component might possess 

any azimuth. This means tha t  idea l ly  the l e g  should be f r ee  t o  diss ipate  

energy by moving i n  the  direct ion of a landing force t h a t  can vary 
direct ion.  It i s  d i f f i c u l t  t o  build a linkage t h a t  w i l l  do t h i s .  To 

a l l ev ia t e  t h i s  problem the  vehicle i s  t o  be s tab i l ized  i n  azimuth by the 

v e r t i c a l  f i n  mentioned e a r l i e r .  This reduces ro ta t ion  about the v e r t i c a l  

axis and decreases the range of the approach angle, making maximum m i s -  

alignment with the  direct ion the foot t rave ls  correspondingly,smaller. 
A search i s  currently underway fo r  lightweight dampers t o  diss ipate  the 

k ine t i c  energy. 

may proceed. 

of gravi ty  of the vehicle and must be adjustable through a 45O elevation 

range t o  cover conditions varying from v e r t i c a l  hops t o  maximum range 

hops. 

(See Fig. 10) 

However, 

When these are  found actual  design of the l eg  linkage 

The center l ine of the propulsion leg  must pass through the center 

12 



Figure 8. Demonstrator Stabi l iz ing Gyro (from Norden Bomb Sight) 
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I V .  PROPULSION FOR THE LUNAR POGO 

The basic  descr ipt ion of t he  propulsion f o r  t he  Lunar Pogo i s  given 

i n  the  B a l l i s t i c s  and Propulsion sect ions of (Ref. 5) SUDAAR No. 359, 
"Small Scale Lunar Surface Personnel Transporter Eknploying the  Hopping 

Mode." 

Preliminary analysis  of propulsion is  given i n  the  Stanford University 

Ph.D. t h e s i s  of Dr. W s h a l l  Kaplan, "Investigation of a Hopping Trans- 

The f i r s t -o rde r  propulsion model used is  shown i n  Fig. 6. 

po r t e r  Concept f o r  ~ u n a r  Exploration", b y  1968. (1) 

Several re la t ionships  among the  propulsion parameters were presented 

or discussed i n  SUDAAR No. 359 without derivation. 

presented the  der ivat ions of the  equations 
I n  Appendix A w e  

U 

which give the i n i t i a l  pressure P i n  the  cylinder t h a t  m u s t  be used 

and the  f i n a l  pressure 
specif ied range 5, optimum launch angle a and p a i r s  of p i s ton  

displacements de and do o r  dd and df. 

t o  t he  cylinder a r e  shown i n  Appendix B. 

0 

Pf i n  the  cylinder t h a t  must be a t ta ined  for a 

opt'  

Equations determining the mass of gas which must be added or vented 

To determine the  quant i ty  of propellant gas needed f o r  the propulsion 

system and t o  see more c l ea r ly  the  physics of propulsion system operation, 

a f i r s t -o rde r  model of the  operating cycle f o r  a s ingle  hop was s e t  up. 

This model made use of Eqs.  (1) and (2) ,  the  equations f o r  adding and 

venting gas, and the i sen t ropic  gas expansion r e l a t ions .  It was then 

extended t o  cover a consecutive s e r i e s  of hops. 

the  mass t r ans fe r s  and the  pressure and temperature changes as the  Lunar 

Pogo does severa l  hops over l e v e l  and h i l l y  lunar  t e r r a i n  respectively.  
The der ivat ion of t h i s  model i s  given i n  Appendix C. 

Figures 11 and 12 show 
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Finally,  Appendix D describes how the optimum pis ton  displacement 

r a t i o  (de/do)opt i s  determined. 

Since the publication of SUDAAR No. 359, t he  semi-annual report ,  

most e f f o r t  has been on the Pogo Demonstrator. However, many of the  more 

r e a l i s t i c  problems of the ultimate lunar device have been ident i f ied,  

beyond the  f i r s t -o rde r  representation i n  SUDAAR No. 359. These include 

questions such as: 

veloci ty  t o  the  Lunar Pogo while the  foot  i s  s l id ing  or adhering t o  the 

surface? Is some s o r t  of veloci ty  feedback system needed during 

acceleration? 

at the  beginning of deceleration t o  achieve a proper landing, what must 

be the response time and flow capacity of t he  valves t h a t  carry out the 

gas t ransfer?  

and how do they af'fect t he  operation cycle? 

the  Lunar Pogo w i l l  be addressed t o  these more r e a l i s t i c  problems. 

How can the  propulsion system impart a specified 

If gas must be added t o  or vented from the  p is ton  cylinder 

What a re  the  losses  due t o  f r i c t i o n  and heat t ransfer ,  

Future ana ly t ica l  work on 



V. TEKRFSTRIp;L DEMONSTRATOR PROPULSION 

Introduct ion 

The purpose of t he  propulsion un i t  i n  the  Pogo Demonstrator is  
t o  simulate approximately the propulsion un i t  i n  the  ult imate Lunar Pogo. 

The two propulsion un i t s  a re  fundamentally similar. They both employ gas 

expansion i n  a cylinder t o  accelerate  t he  main body of the  Pogo up a 
t h r u s t  l eg .  

Demonstrator propulsion un i t  i s  designed t o  operate i n  the e a r t h ' s  

g rav i ty  f i e l d ,  whereas the  Lunar Pogo propulsion un i t  would operate on 

the moon i n  a 1/6 g f i e l d ;  

only during accelerat ion and p a r t  of f r e e  f l i g h t  - it must r e t r a c t  the 

constant or ien ta t ion  th rus t  l eg  t o  i t s  i n i t i a l  ( take-off)  posi t ion before 

shock-absorber decelerat ion starts, whereas the Lunar Pogo propulsion 

u n i t  accelerates,  changes or ientat ion,  and decelerates, act ing over a 

complete hopping cycle; and 

cylinder of the Demonstrator during acceleration, whereas the analysis  

of Lunar Pogo i s  car r ied  out assuming no mass inf lux  i n t o  the  cylinder 

during accelerat ion.  

Basic differences between the two systems are :  (1) the  

( 2 )  the  Demonstrator propulsion un i t  operates 

(3)  t o  simplify plumbing, gas flows i n t o  the 

Demonstrator Components 

Figures 4 and 5 
f o r  the  Demonstrator. 

pressure.  The pressure regulator  maintains the a i r  pressure upstream of 

the solenoid valve a t  an approximately constant value, so t h a t  the mass 

flux through the  valve can be determined. The solenoid valve i s  a three-  

way high-speed. valve with a normally closed i n l e t  por t .  

show p r o f i l e s  of the propulsion uni t  proposed 

The two propellant tanks w i l l  s t o re  a i r  at high 

When the  valve 

i s  energized, air  can flow through the i n l e t  por t  i n t o  

When the  valve i s  not energized, air can flow from the  

the  ou t l e t  port  t o  the atmosphere. 

A posit ioning l a t c h  and th rus t  l eg  catch keep the 

i n i t i a l  take-off pos i t ion  during the  last p a r t  of f r e e  

the cylinder.  

cylinder through 

th rus t  l eg  i n  i t s  

f l i g h t ,  during 

landing, and while on the ground. 

downstream of the  p is ton  face engages the th rus t  l eg  and re turns  it t o  i ts  

i n i t i a l  posi t ion.  

A metal (or air) compression spring 

I f  the  f r i c t i o n a l  forces  between the  p is ton  and cylinder 
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walls a re  too  high, the  compression spring may be aided by an ex terna l  

extension spring attached t o  the  th rus t  leg, which a c t s  i n  the axial 
d i rec t ion .  

Not shown i n  Figs. 4 and 5 ,  but needed f o r  the  propulsion uni t  a re  

a DC power supply and a timing c i r c u i t  f o r  the solenoid valve. 

Operational Cycle 

The propulsion un i t  w i l l  operate approximately as follows. I n i t i a l l y ,  

the  Demonstrator i s  on the ground. 

ex terna l  cont ro l  un i t ,  the  timing c i r c u i t  i s  act ivated.  This causes the  

i n l e t  por t  of the  solenoid valve t o  begin opening, s o  t h a t  a i r  can flow 

i n t o  the  cylinder.  The pressure i n  the  cylinder bui lds  up very rapidly.  

When the  pressure force  has reached a su f f i c i en t  value, the thrus t  l eg  

catch pushes the  posit ioning l a t c h  t o  the s ide .  

Demonstrator then accelerates  up the  t h r u s t  leg.  

p i s ton  face passes t h e  blow-out ports ,  the  timing c i r c u i t  causes the i n l e t  

por t  of the  solenoid valve t o  c lose and the  o u t l e t  por t  t o  open. 

a l l  of the  air  i n  the  cylinder is  vented t o  the atmosphere. The pressure 

i n  the  cylinder drops very rapidly t o  atmosphere, and t h e  main body 

accelerat ion terminates.  

On an e l e c t r i c a l  s igna l  from an 

The main body of the 

About the ins tan t  the 

Almost 

A t  t h i s  point  engagement of the  th rus t  l eg  t o  the main body begins. 

After the  p is ton  face passes the  blow-out por t s ,  it contacts the compres- 

s ion spring. 

the  main body and t h r u s t  l eg  is  zero. 

Demonstrator en ters  f r e e  f l i g h t .  

It compresses the spring u n t i l  the  r e l a t i v e  veloci ty  between 

This completes engagement as the 

The compression spring then expands, forcing the th rus t  l eg  back up 

the  cylinder.  The t h r u s t  leg re turns  t o  i t s  i n i t i a l  posi t ion,  

where it i s  held by the  posi t ioning l a t c h  f o r  t he  remainder of the f l i g h t  

This completes operation of  the  propulsion un i t  u n t i l  i n i t i a t i o n  of 

another hop. For a 10-foot hop i n  a 1-g gravi ty  f i e l d ,  the  e n t i r e  cycle 

should be completed i n  one second. 

Demonstrator Model 

To a i d  i n  making a quant i ta t iv2 design f o r  the  propulsion uni t ,  a 
simplified model of the  propulsion un i t  was s e t  up. This model i s  shown i n  
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Fig. 6. The s ign i f i can t  t i m e  i n t e rva l s  f o r  the  model are: 

+ t on ground tf 0' 

4 t : accelerat ion to e 

t + t : engagement ( l eg  pickup) 
e P  

t -, td: f r e e  f l i g h t  
P 

td 4 tf: deceleration 

The following assumptions or approximations a re  made f o r  the 

operat icnal  sequence: 

There i s  no angular motion during accelerat ion (one-dimensional 

motion). 

The pos i t i ona l  differences between the centers  of mass of the 

system (which includes the  th rus t  l e g )  and of the  main body alone 

a r e  negl igible  f o r  f r e e  f l i g h t .  

The working f l u i d  i s  a per fec t  gas (PV = m RT) with constant 

spec i f i c  heats  

The gas composition i s  always constant.  

The mass of gas i n  the  cylinder i s  negl igible  compared t o  the 

main body m a s s .  
The temperature and pressure of the  gas i n  the accumulator a re  

constant during accelerat ion.  

The flow through the  i n l e t  por t  of the  solenoid valve i s  always 

at  sonic speed. 

Body forces  act ing on the  gas a re  neglected. 

The addi t ion of gas t o  the p is ton  and the expansion during 

accelerat ion occur ad iaba t ica l ly  and i sen t ropica l ly .  

The hop i s  over l e v e l  t e r r a i n .  

g 
(E  = m c T ) .  

g v  

The posit ioning l a t c h  has an e f f ec t ive  force constant keff i n  

the  axial d i rec t ion  during accelerat ion.  

The equilibrium gas r e l a t ions  are va l id  for the  dynamic s i tua t ion .  

The foo t  does not s l i d e  during accelerat ion or adhere t o  the sur- 

face at  engagement. 
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14) Fr ic t iona l  forces  at  the  solenoid valve and between the p is ton  

and cylinder walls a re  neglected.  

It is  f e l t  t h a t  the e r ro r s  involved i n  making the preceding assump- 

t i o n s  w i l l  be s m a l l ,  except possibly f o r  the  last  two assumptions. 

e f f e c t s  of s l i d ing  or having the  foo t  adhere t o  the  surface cannot be 

estimated at  t h i s  time. During accelerat ion f r i c t i o n a l  losses  should not 

a f f e c t  t he  performance substant ia l ly ,  since t h e i r  e f f e c t  can be negated 

by r a i s ing  the  p is ton  gas pressure s l i g h t l y .  

However, t he  e f f e c t  of f r i c t i o n a l  forces  may become s igni f icant  during 

The 

the  time of t h r u s t  l e g  return.  I f  t h i s  should occur, t he  Demonstrator 

would have t o  be a l t e r ed  by the addi t ion of an extension spring ( fo r  t h rus t  

l e g  re turn) ,  which a c t s  during the e n t i r e  period of accelerat ion.  

an extension spring would not complicate the  following analysis  very much, 

but would r e s u l t  i n  grea te r  energy losses .  

Use of 

During engagement and f r e e  f l i g h t ,  the  only ex terna l  force doing work 

on the  Demonstrator i s  the  g rav i t a t iona l  force.  From solut ion [Ref. 13 of the 

equations of motion f o r  these in te rva ls ,  the following equation r e s u l t s  

f o r  the  approximate re la t ionship  between the  b a l l i s t i c  range and the main 

body veloci ty  at the beginning of engagement : 

Appendix E )  

(Symbols defined i n  

m 
e s in2a 

Summation of forces  i n  the  axial d i rec t ion  during accelerat ion leads 

t o  the  following d i f f e r e n t i a l  equation of motion: 

where v = dd/dt. 

ing l a t c h  out of the  w a y ,  keff goes t o  zero. See Fig. 6. 

varying volume leads t o  the  following energy d i f f e r e n t i a l  equation: 

As  soon as the  th rus t  l eg  catch de f l ec t s  the  posi t ion-  

U s e  of t he  energy equation f o r  a gas flowing i n t o  a cylinder of 

dm 
dP d V  g v - + y p - =  ' Tact at d t  a t  

where V = Ad. dm /dt represents the rate at which gas flows i n t o  the 
g 
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cylinder.  

f o r  the  energy equations derived i n  Appendix B. 

Equation (2 )  was derived from an analysis  s i m i l a r  t o  t h a t  

Equations (1) and (2)  cons t i tu te  two equations i n  two dependent 

var iables  d and P and i n  one independent var ia tde t. They cannot be 

ana ly t i ca l ly  integrated as f a r  as i s  known. They can only be numerically 

integrated f o r  various values of the  parameters. 

Design Cr i t e r i a  

The design c r i t e r i a  es tabl ished f o r  the Demonstrator were: (1) the  

weight of the  propulsion uni t  should be no more than 20-25 lbm out of a 
t o t a l  estimated weight of 50 lbm f o r  the Demonstrator; 

of the  propulsion un i t  were t o  be made from commercially-available hard- 

ware; 

during accelerat ion was t o  be no more than 15 go; 

during accelerat ion,  (d -do), was t o  be no more than 1 f t ;  

s t r a t o r  should be capable of making about 25 uniform hops; 

zontal  range of the  hops should be at  l e a s t  10 f t .  

(2)  a l l  components 

( 3 )  the  maximum accelerat ion f e l t  by the  main body of the Demonstrator 

(4) the  p is ton  t r a v e l  

(5 )  the Demon- 

(6) the  hori-  
e 

Hardware Sizing 

Quantitative design of the  propulsion un i t  was based on commercially 

avai lable  hardware and the l i m i t s  t o  which t h i s  hardware could be s t ressed.  
The system layout i s  shown i n  Figs. 4 and 5. 

The best  off-the-shelf  pressure vesse l  found t h a t  was acceptable as 
a propellant tank could s to re  about 0.6 lbm of air  at  2000 p s i .  

half  the air  were used during a hopping sequence, the tank pressure for 

the  last  hop would be about 1000 p s i .  This value of 1000 p s i  was taken 

as the minimum upstream tank pressure f o r  design purposes. 

Assuming 

The simplest way of d i n g  each hop approximately the  same i s  t o  

have the solenoid i n l e t  por t  open f o r  the  same length of time during 

accelerat ion and t o  have the pressure upstream of the  solenoid the  same 

f o r  each hop, so t h a t  the mass inf lux  r a t e  i n t o  the cylinder is iden t i ca l  

for  each hop. This is  done by having the  timing c i r c u i t  so designed as 

a l w a y s  t o  energize the  solenoid valve f o r  the  same length of time and by 

having a pressure regulator  upstream of the  solenoid. 

of 800 p s i  was selected as the  pressure t o  be maintained by the  regulator .  

A regulated pressure 
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This pressure assures t h a t  there  w i l l  always be a pressure d i f f e r e n t i a l  

across the regulator .  

To have sonic flow through the solenoid i n l e t  port ,  the  pressure i n  

the  cylinder must be l imited t o  about 400 p s i .  

maximum allowable pressure f o r  the  cylinder.  

This pressure is then the 

Another l imi t a t ion  on the  propulsion uni t  was t h a t  the mass flow r a t e  

through avai lable  aerospace solenoid valves at t h e  pressures needed was 

ra the r  low. 

Mathematical Analysis 

To meet the  design c r i t e r i a ,  values taken f o r  %, a, and M were: 

% = 12.5 f t  v = 22 f t / s e c  e 

- m = 0.1 
M M = 45 lbm 

Values used f o r  other  constants were: 

y = ?(air) = 1.40 

R = R ( a i r )  = 1715f ' t - lb / s l~g-~R 

0 (room) = 530 R - 
c - 'acc 

= 14.7 lb/in2 'atm 

g0 
2 

= 32.2 f t / s e c  

Opening and closing t i m e s  of 30 milliseconds were assumed f o r  the solenoid 

valve. For valve opening dm /dt was taken t o  increase l i nea r ly  from 

dm /dt = 0 at  t = 0 t o  dm /dt = h at t = 30 msec, and then t o  

remain at dm /at = rh f o r  t > 30 msec. 

g 

g g 

g gmax 
Equations (1) and (2)  were then wr i t ten  i n t o  a computer program and 

numerically integrated f o r  appropriate ranges of 

Figure 7 
integrat ion.  

keff,  do, A, and rhgmm. 
shows a typ ica l  s e t  of curves r e su l t i ng  f r o m t h e  numerical 

From an analysis  of t he  r e s u l t s ,  the  following parameter values were 

selected f o r  t he  demonstrator design: 
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d = b i n  

de - do = 12 i n  

0 

2 A = 2 i n  

141 = .005 slug/sec 

Choice of the  preceding parameter values w i l l  m e e t  the  design c r i t e r i a ,  

give near optimum performance, and s t i l l  allow a margin f o r  f r i c t i o n a l  

losses  and other losses .  

Corresponding t o  the  values chosen f o r  do, de, A, and b gmax’ the  

following addi t iona l  parameter values r e s u l t :  

te - to =: 100 msec 

2 Pmax = 400 lb / in  

= .0005 slug/hop 
Amg 

For 25 hops, .018 slug = .6 lbm of a i r  must be supplied t o  the  cylinder.  

Assuming leakage losses  a re  negl igible ,  t h i s  amount of a i r  could be 

supplied by using two of the  previously described propellant tanks. 

The physical dimensions of t h e  propulsion uni t  shown i n  Figs. 4 
5 correspond closely t o  the  design specif icat ions tha t  have j u s t  been 

and 

given. 
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V I .  STABILIZATION AND CONTROL FOR THE LUNAR HOPPEX 

/ 

A. Introduction 

A s  present ly  envisioned, t he  pogo t ransporter  w i l l  t i p  over t o  the  

desired launch angle and w i l l  be held there  w i t h  an ankle brake between 

t h e  l e g  and foot .  This assumes t h a t  t h e  foot  i s  la rge  enough t o  support 

t h e  vehicle (see pg. 54-55 of reference 5, SUDAAR 359). 
t he  foot  is  locked during the  accelerat ion phase, the  vehicle should 

leave the  surface with zero angular veloci ty .  The control  system must 

re-or ient  the  vehicle t o  the  proper landing or ientat ion.  

Because 

B. Landing Orientation 

The desired landing or ien ta t ion  i s  a function of the  vehicle 's  

center of mass ve loc i ty  and so it i s  t i m e  varying. 

mustbe an ang le€  between the  center  of mass ve loc i ty  vector and the  l eg  
so t h a t  some of t he  veloci ty  i s  used t o  bring the  vehicle t o  the  ve r t i ca l .  

See Fig. 13. The veloci ty  perpendicular t o  the  l e g  i s  v = v s i n  E. 

The tangent ia l  veloci ty  required t o  come t o  the  v e r t i c a l  and a r r ive  w i t h  

zero angular veloci ty  i s  vT = 42g.t[1-cos(e-E)1~ 

t h i s  equation 

A t  landing there 

T 

SO E must s a t i s f y  

v s i n  E = J ~ ~ . ~ [ ~ - C O ~ ( Q - E ) I '  
Now, E i s  small so w e  can approximate. 

0 s i n  E M E 

cos + E s i n  8 

€2 + 2g.t s i n  8 E 
2 

V 

g.t s i n  0 + 

2 E = -  
V 

So, given v and 0 

- +1-cos 2g.t e )  = 0 

// ~4 -(l-cos e )  

at  each ins tan t ,  E can be calculated and used as 

a command t o  the  cont ro l  system. 

the foot  and t h a t  the  l eg  i s  of constant length during the  landing. 

This assumes there  i s  no slippage of 

A 
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Figure 13. Velocity Leg Orientation on Landing 
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more nearly exact der ivat ion 

C. 

As  discussed i n  referen 

cont ro l le rs  a re  being considered f o r  the vehicle a t t i t ude  control.  The 

per t inent  equations governing the motion of t he  vehicle for  p i t ch  plane 

motion are 
.. 
I6 + 2h41 COS q = M ext  
.. 

CJCp - he COS 9 = T 

where 8 i s  the  p i t ch  angle of the  vehicle measured from an i n e r t i a l  

reference direct ion,  cp i s  the  gimbal angle, 'ext i s  the  external  

disturbance torques on the vehicle,  and T i s  the  control  torque on the 

gyros. See Fig. 14. The form for T must be chosen so t h a t  the vehicle 

has the  desired response. We can l inear ize  these equations assuming t h a t  

cp remains s m a l l .  
.. 

I B  + 2h6 = Mext 

J@ - hi, = T 

Assume t h a t  

these equations. I n  matrix form, w e  have 

T = kB(Fi-ec) + kGB - bq, and take the Laplace transform of 

s2 2h - s  I 

(h+ki ) S+ke b 
-[ J 

L 

The charac te r i s t ic  equation i s  

1 

w b> ke> 
a t ion  t o  give 

considered no instrument e r ro r s  o r  uncertainty torques about the gimbal 



CONTROLLER 
FRAME fo 

/ 
0 

/ 
0 

t,- - 0  

TORQUE 
MOTOR 

I I 

\ GYRO WHEEL 

Figure 14. Schematic Twin-Gyro and Coordinates 
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axis. An uncertainty w i l l  cause a steady state o f f se t  i n  8. This of f -  

set can be eliminated by using in t eg ra l  control,  i . e . ,  employing a control  

torque proportional t o  f9dt .  The gyro and torquers w i l l  have t o  be sized 

t o  reor ien t  the vehicle i n  the  a l l o t t e d  t i m e  of f l i g h t .  A sample root  

locus design i s  shown i n  Appendix F. 

plane control  system i s  shown i n  Fig. 15. Control about the r o l l  and yaw 

axes w i l l  be similar. During f l i g h t ,  the  r o l l  and yaw cont ro l le rs  w i l l  

keep the  r o l l  and yaw angles nulled. They w i l l  have t o  be sized t o  handle 

the  gyroscopic disturbance torques resu l t ing  from the p i t ch  rate. 

block diagram f o r  the  r o l l  and yaw axes i s  shown i n  Fig. 16. 
motion can e s sen t i a l ly  be decoupled from roll-yaw since r o l l  and yaw 

r a t e s  w i l l  be very s m a l l  and hence the  gyroscopic disturbing torques about 

the  p i t ch  axis w i l l  be small. An example system design i s  done i n  

Appendix Fj using approximate values f o r  the  vehicle charac te r i s t ics .  

The block diagram f o r  t he  p i t ch  

The 

The p i t ch  

D. Mass Expulsion vs . Twin Gyro Control 

The most c r i t i c a l  phase of t he  f l i g h t  i s  the re-or ientat ion t o  the  

proper landing posi t ion.  

i n  4 seconds. 

f o r  half  the  t i m e  and decelerating it the  f i n a l  h a l f .  

accelerat ion i s  

Assume w e  must ro t a t e  t he  vehicle through 90' 
This can be done f o r  example by accelerat ing the vehicle 

The required angular 

a =  

Assume a 

Then the 

fi 
2 4 - 

- -  4A@ 0.393 rad/sec t2 --r= 
2 

moment a r m  of 0.61 m and a vehicle moment of i n e r t i a  of 407 k g - m  . 
t h rus t  t o  produce t h i s  a must be 262 newtons. Now i f  a rocket 

were t o  be used, 

F = mc 

F = $ t  g 

Isp = 150 see 

SP 

071 kg/hop 
F * t  m 1: -= 

Therefore, since the  vehicle is  designed f o r  1000 hops, react ion thrus t  

would be completely unsatisfactory.  
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Figure 16. R o l l  and Yaw Axis Controller Schematic 
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The peak power required for twin gyro operation i s  of the  order of 
200 watts. A 4-second hop would require  a t  most 800 watt-seconds = 0.22 

watt-hours. One thousand hops require  220 watt-hours. Batteries supply 

(conservatively) 40 watt-hours/kg. Thus about 5.5 kg of ba t t e r i e s  would 

be required. 
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VII. SYSTEM DESIGN 

Primary a t t en t ion  i s  being focussed on a t ransporter  i n  which the  

propulsion l eg  i s  f ixed t o  the vehicle.  The various arguments of con- 

venience s implici ty ,  etc. ,  which were used i n  arr iving a t  t h i s  choice 

instead of a swinging l eg  design a re  discussed i n  reference [5 ]  pp. 9-12, 
SUDAAR No. 359. The motion of a f ixed th rus t  l eg  vehicle 

i s  shown diagrammatically i n  Fig. 2 .  Figure 17 shows an artists rough 

sketch of how such a design might appear i n  f l i g h t .  

An ove ra l l  quant i ta t ive systems analysis  and optimization w i l l  
require a mathematical model of each of the  subsystems, such as propulsion, 

s t ab i l i za t ion ,  and s t ructures ,  each of which should incorporate a scaling 

l a w  f o r  the  weight of important components. The s t a t e  of t he  development 

of the  subsystems does not ye t  permit defining mathematical models, but 

it i s  an t ic ips ted  t h a t  more rapid progress w i l l  occur a f t e r  current work 

on the  t e r r e s t r i a l  demonstrator i s  completed. 

A lunar hopping vehicle resembles a missi le  system i n  t h a t  weight 

plays an important r o l e .  It is  necessary therefore  t o  evaluate design 

t rade o f f s  carefu l ly  t o  secure a f i n a l  configuration with minimum weight. 

Owing t o  the  complex interact ions among various pogo parameters, separate 

optima for each subsystem w i l l  not ensure an optimum design f o r  the over- 

a l l  system. 

One method f o r  achieving ove ra l l  system optimization i s  t o  use a 

"generalized design analysis". Quoting from reference [4] page 20-07, a 

description of such a method as  applied t o  a missi le  f o l l m s :  

ized design analysis  provides a unified study of self-consis tent  conditions 

i n  which a l l  the  f ac to r s  are allowed t o  in t e rac t  properly with one another. 

This analysis  cons is t s  of a formulation of features  such as  component weight 

of the  missile s t ruc ture ,  hydraulic system, engine, pressurizing systems; 

the  environment conditions of the  atmosphere; the geometric aspects of 

"A general- 

s ize ,  shape, number of stages, and pos i t ion  of components; and the  physical 

propert ies  of densi t ies ,  allowable s t resses ,  spec i f ic  heats,  and vapor 

pressures. 'I 

"The design and performance of the  missile system are determined by 

in te rac t ions  between these fac tors  consistent with the physical laws 
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governing t r a j ec to r i e s ,  aerodynamics, thermodynamics, material f a i lu re ,  

radiat ion,  e tc . ,  and are subject t o  the  constraining conditions of pump 

pressure margins, minimum thicknesses, mixture r a t io s ,  e t c . "  

"The basic  technique of the  analysis i s  the  reduction of detai led 

analysis of t he  complete complex system t o  a few re l a t ive ly  simple com- 

ponent re la t ionships  t h a t  reac t  with one another. The component analyses 

are coupled together,  the 

i n  sucha a manner as t o  close the  loop f o r  t he  system. 

complexity, programming on a d i g i t a l  computer i s  required. I' 

of one serving a s  "input" t o  others, 

Because of t he  

The analysis  i s  established i n  a manner t h a t  allows introduction of 

adjustable  parameters such as allowable stress, minimum gage, slenderness 

r a t i o ,  etc. ,  as inputs t o  the  system. 

computer, ce r t a in  variables,  such a s  skin gage, bending moments, pressures,  

e tc . ,  a r e  computed a t  each in s t an t  of f l i g h t  so t h a t  the  vehicle designs 

i tself  as it moves along consis tent  with the  conditions and constraints  

of the  analysis .  ' 

11 

A s  the  vehicle " f l i e s "  i n  the 

Although the  component analyses f o r  the pogo system w i l l  d i f f e r  from 

those of a missile system, a basic computer program f o r  carrying out the  

analysis  would be s imilar .  Previous successes with the  use of t h i s  type 

of analysis  on missle systems and the inherent s i m i l a r i t i e s  between the 

missile and pogo systems indicate  t h a t  a subs tan t ia l  contribution t o  the  

pogo system design would r e s u l t  from an analysis  of t h i s  s o r t .  

Figure 18 i s  a flow chart  which gives an approximate idea of the  

component analyses which must be car r ied  out and t h e i r  mutual in te rac t ion .  

As  spec i f ic  quant i ta t ive component analyses a re  car r ied  out, refinement 

of the  overa l l  systems analysis  can take place. 

The following outputs can be expected from t h i s  analysis :  1) prelimi- 

nary s i z e  and performance estimates for d i f f e ren t  vehicle configurations, 

2 )  spec i f ic  information f o r  d e t a i l  design parameters such as cylinder w a l l  

thickness, gyro s izes ,  and weights of various components which a re  other- 

wise d i f f i c u l t  t o  determine owing t o  strong interact ions,  and 

r a t i o s  f o r  the  e f f ec t s  on overa l l  performance of such parameter changes 

as an increase i n  payload, decrease i n  maximum accelerat ion which can be 

to le ra ted  by the  p i l o t ,  or decreased launch angle required t o  prevent 

slippage of t he  foot .  

3) exchange 
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VIII. SOIL MECHANICS AND FOOT DESIGN 

As  was discussed i n  some d e t a i l  i n  the  semi-annual report ,  SUDAAR 

No. 359, the  lunar  pogo device w i l l  operate most e f f i c i e n t l y  a t  take- 

offs  45' t o  t h e  smface .  

of f r i c t i o n  between the  lunar surface and the  pogo foot  must be a t  

least 1.0. The t r a c t i v e  e f f o r t ,  or m a x i m u m  shearing force,  developed 

between a s o i l  and a f l a t  p l a t e  on i t s  surface i s  given by the  formula 

To permit t h i s  departure angle the coeff ic ient  

H = W t a n  cp + Ac 

where W i s  the  weight on the  p l a t e ,  A i s  the  contact area with the  

surface, c i s  the  coef f ic ien t  of cohesion of the s o i l ,  and cp i s  the  

"angle of f r i c t i o n "  of the  s o i l .  

The Surveyor landings have provided data  on the  cohesive and f r i c -  
0 t i o n a l p r o p e r t i e s  of the  lunar s o i l .  cp i s  approximately 35 and c i s  

0.07 p s i  which indicates  l i t t l e  cohesiveness. For these values, 

H E %  t a n  cp = 0.7 

0 which appears too  s m a l l  permit 45 take-offs without c l ea t s .  

According t o  M. G .  Bekker i n  Off-The-Road Locomotion, the shearing 

force can be augmented by the addi t ion of c l ea t s  t o  the foot  pads. The 

shearing force formula becomes 

2 2  h+s t a n  cp + bc(h +S ) 
s-h t an  cp s-h t an  cp H = W  

where b, s, and h a re  the  c l e a t  dimensions shown i n  Fig. lga.  Since 

the  1200 lb. lunar  hopper w i l l  experience a peak acceleration of 5 g ' s  

on t h e  lunar surface,  which we assume w i l l  support 5 p s i  a t  a depth of 

2 em., a foot  a rea  of 1200 i n  i s  necessary. With h = s = 6 in ,  2 

6+6(0.7) 6( .07)(36+36) 
H = W['6-6( . )1  0 7  + 6 -6( 0.7 1 

H = ~ ( 5 . 6 7 )  + 16.8 (LB) 

* 
Apollo X I  data  now (7/23/69) upcoming may modify t h i s  conclusion. 
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The cohesive force i s  negl igible .  

t o  operate i n  any direct ion,  a T shape i s  required as shown i n  Fig. lgb.  

With this configuration, only half  t he  weight on each c l ea t  contributes 

t o  the  production of shearing force i n  any one d i rec t ion .  This reduces 

H/W t o  2.88. 

from Bekker t o  be 

Since the  c l ea t  w i l l  be designed 

Cleat center-to-center spacing i s  found by another formula 

as = 1.8(s+h) 

giving 21.6 in .  between the  foot  segments f o r  optimal operation. 

de ta i led  analysis  of the  above material was presented i n  SUDAAR 359, 
semi-annual repor t ,  Ref. 5. 

A more 

The lunar surface consis ts  of 4 basic fea tures :  m a r i a ,  c ra te rs ,  

mountains, and r i l l e s .  

debris .  

r ise t o  6 kilometers i n  height.  The r i l l e s  are long trenches i n  the 

surface about 1 kilometer deep and a couple of kilometers wide. The 

t e r r a i n  which the  lunar  hopper can t raverse  w i l l  depend t o  a la rge  extent  

on the  capab i l i t i e s  of t he  foot .  It may be impossible f o r  the  pogo t o  

hop across a r i l l e ,  and the  steepness of t h e  slope which it can negotiate 

i s  s t i l l  a matter of invest igat ion.  

The maria areas a re  mainly f l a t  p la ins  with rocky 

Craters have diameters up t o  200 kilometers while the  mountains 

A current study i s  being conducted at  Jet  Propulsion Laboratory 

(Space Program Summary 37-53 V o l .  111, Oct. 31, 1968) t o  determine the  

e f f e c t  of sloping s o i l  surface on bearing capacity and shearing force.  

The s o i l  being used i s  a cohesionless sand closely simulating the lunar 

s o i l .  Most t e s t s  were made on wheels, but one test  was conducted on a 

rectangular p l a t e  r e s t ing  on a slope of 15 . The report  states t h a t  

there  i s  "s ignif icant  degradation of bearing capacity due t o  slope 

0 

influences even at  r e l a t ive ly  low surface slopes compared t o  the  s o i l  

angle of repose". 

of s o i l  t h rus t  and slLp on sloping t e r r a in .  

It a lso  points  oat  the  need f o r  fu r the r  invest igat ion 

Another po ten t i a l  problem f o r  hopping t ransport  was brought t o  l i g h t  

by Surveyor VII. 

an area l i t t e r e d  with rocky debris .  

c r a f t  were of a s i ze  ( la rger  than 20 em. ) which might damage the  foot  

This c r a f t  landed near t he  r i m  of the  c ra t e r  Tycho i n  

Some of the  rocks surrounding the 
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(a) Unidirectional 

(b ) Umnidirec t ional 

Figure 19. Cleat Configuration. 
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s t ruc ture  of a hopper o r  make the  area impassible. A t ab l e  of rock 

s i ze  and frequency d is t r ibu t ion ,  taken from the  Surveyor V I 1 1  report ,  i s  
given below. 

ROCK WIDTH (CM) NO. OF ROCKS PER 1000 2 
80 1 

20 t o  80 67 
15 t o  20 

i o  t o  15 
106 

347 
5 t o  10 5 , 100 

It may be necessary t o  provide the foot  segments with a type of 

suspension which enables the craft t o  land on smaller rocks while main- 

ta in ing  t h e  majority of the  foot  segments i n  contact with the  surface.  

Large pieces, say 80 cm. or more i n  s ize ,  could be avoided by the  p i l o t .  

Spare foot  segments would be car r ied  on board i n  case of an emergency 

where a segment has been destroyed. 

It becomes apparent t h a t  tests must be conducted on a lunar-type 

s o i l  t o  obtain more information on the so i l - foot  interact ion.  A t e s t ing  

device has been proposed which would allow experiments concerning energy 

losses  on landing and take-off, the  omnidirectionality of c l ea t  designs, 

shear res is tance a t  d i f f e ren t  angles of take-off,  and the  degradation of 

performance on sloped surfaces. The S o i l  Impact Simulator consis ts  of a 

variable angle s l i d e  containing a weight t o  which the foot  segment i s  

attached through an adjustable spring (Fig.  20). 

height of the  weight and the  compression of t he  spring, energy losses  

can be calculated.  

t o  simulate the  da ta  from the  lunar hopping t ransporter .  

Withe the  knowledge of 

Also the  speed and force of impact can be varied 
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I X  coNcLusIoN 

Substant ia l  progress has been made over the last year i n  three areas 

of fundamental importance t o  the  attainment of a hopping t ransport  

system; namely, procuring equipment f o r  measurement of human acceleration 

tolerance, analysis of vehicle propulsion and s t ab i l i za t ion  performance, 

and fabr ica t ion  of a t e r r e s t r i a l  demonstrator vehicle. 

Three other areas  i n  which only a start  has been made are: overa l l  

design, s o i l  interact ion,  and d e t a i l  guidance and cont ro l  c i rcu i t ry .  

It i s  expected t h a t  da ta  on human acceleration tolerance w i l l  be 

secured i n  the  near future  and tha t  t h i s  w i l l  be followed a t  a l a t e r  

date by laboratory " f l igh t"  t e s t s  of a sub-scale twin-gyro programmable 

at t i tude-control  system, and by landing and launch propulsion tes ts  i n  

simulated lunar s o i l .  

The s t a tus  of lunar hopping t ransportat ion vis-a-vis the rover and 

f l y e r  concepts which are now being implemented by NASA w i l l  become much 

c learer  i n  the next 12 t o  18 months. So far, there  i s  every indication 

t h a t  hopping i s  competitive with wheels or react ion jets, and i n  view of 

the obvious need f o r  lunar  mobility, continuation of the present program 

would appear t o  be a wise stratagem. 
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APPENDIX A 

EQUATIONS FOR THE INITIAL AND FINAL PRESSURES THAT MUST BE 

ACHSEVED I N  THE CnIrJDER 

To determine the  i n i t i a l  pressure needed i n  the  cylinder t o  a t t a i n  

a specif ied horizontal  range and climb f o r  a given set of pis ton displace- 

ments and t o  estimate the  f i n a l  pressure that must be reached i n  the  

cylinder t o  have an acceptable landing, a f i r s t -o rde r  model of the Lunar 

Pogo was set up. 

A schematic of t he  f i r s t -o rde r  model i n  b a l l i s t i c  f l i g h t  i s  shown i n  

Fig. 21. The s i x  basic  t i m e  i n t e rva l s  i n  the  operational sequence a re :  

-+ : on ground 
tf 

to 4 t : accelerat ion 

t + te+: engagement ( l eg  pickup) 

‘e+ + td-0 * f r e e  f l i g h t  

td- 4 td+: disengagement ( l eg  touchdown) 

td+ 4 tf: deceleration 

e- 

e- 

Figure 22 i s  a schematic of the f i r s t -o rde r  model during acceleration. 

It shows the  forces  act ing on the  Lunar Pogo tha t  determine the motion 

during accelerat ion.  The motion during deceleration i s  qui te  similar t o  

the  motion during accelerat ion.  

The following assumptions are nade f o r  the operational sequence: 

There i s  no angular motion during accelerat ion or deceleration 

(one-dimensional motion). 

The foot  does not s l i d e  during accelerat ion or deceleration or 
adhere t o  the  Lunar surface at engagement. 

Engagement and disengagement are instantaneous. 

The l i n e a r  momentum of the system i s  conserved a t  engagement. 

The foot  loses a l l  i ts  momentum t o  the  ground at  disengagement, 

without a f fec t ing  the  main body. 

The pos i t iona l  differences between t h e  centers of m a s s  of the  

system and of t he  main body alone are negligible f o r  f r ee  f l i g h t .  
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Center of Flass /-Main Sody-M 
of b i n  a d  

--- 

Figure 22. Acceleration Segment of First-Order Trajectory. 
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The average-slope rise l i n e  4( i s  p a r a l l e l  t o  t he  b a l l i s t i c  r ise  

l i n e  L,, as shown i n  Fig. 21. That is, t an  G = (%&) (%/%). 
The cylinder gas i s  a per fec t  gas 

spec i f ic  heats  (E  = m c T ) .  

Adiabatic isentropic  expansion during accelerat ion and compression 

(PV = m RT) with constant 
g 

g v  

during deceleration occur 

The gas composition i s  constant 

The mass of t he  gas i n  the  cylinder i s  negligible compared t o  the 

main body mass. 

The equilibrium gas r e l a t ions  are va l id  f o r  the dynamic s i tua t ion .  

F r i c t iona l  forces  between the  p is ton  and cylinder walls a re  

negl igible .  

(PV Y = const) .  

( y  = const) .  

+ (and, a + 3l Launch i s  a t  optimum launch angle a 
7[ opt = 4 2 opt 

Bop, = $ 0  

Under the  preceding assumptions, the  only forces  tha t  a c t  i n  the 

axial d i rec t ion  on the  main body during accelerat ion and deceleration 

a re  the  pressure force and the  axial component of the  grav i ta t iona l  

force.  The re la t ionship  between pressure and pis ton cylinder displace- 

ment is  : 

PaY = const 

s ince PV Y = const 

Then, summation of 

equation of motion 

and V = Ad, where A i s  constant f o r  the  cylinder.  

forces  i n  the  axial d i rec t ion  gives the  following 

of the main body during acceleration: 

For deceleration the  corresponding equation of motion is:  

M ~ + M g s i n B = A l ? = ~ 9 (  d2d df ) y 
a t  f d  

These two equations can be ana ly t ica l ly  integrated t o  give the  

i n i t i a l  and f i n a l  gas pressures i n  terms of the  p is ton  displacements and 

the  main body ve loc i t ies  j u s t  before engagement and at disengagement. 

The integrated equations can be arranged i n  the  following form: 
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1)s in  a ]  e d 2 
e- V 

[-- + (r - 
Mg(y-1) 2gdo 0 

A P =  
0 

e 

During f r e e  f l i g h t  t he  only ex terna l  force act ing on t h e  system i s  

gravi ty .  Then, the  equations of motion for the system center of mass 
a re :  

Integrat ing and applying the  appropriate boundary conditions t o  the  f r e e  

f l i g h t  equations of motion gives:  

% = ve+tb cos a 

1 2  
5 “b Zb = v t s i n  a - e+ b 

Noting t h a t  t an  G = (%/%)w(%/%), % and tb are  eliminated from the 

preceding two equations t o  give: 

2 
2ve+ 2 %=g cos a ( t a n  a - t an  G) 

Kinetic plus  po ten t i a l  energy i s  conserved during free f l i g h t ,  so 

t h a t  : 

1: v2 2 e+ - 2  d+ - 1 v2 + g% t a n  cT 

From the  geometry of Fig. 21: 

% = % -t (de-do)cOs a + (dd-df)COS f3 
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Since momentum i s  conserved a t  enegagement: 

m v = (1 + -)v e- M e+ 

while a t  disengagement : 

V d+ = Vd- 

NowJ assuming launch i s  at  optimum launch angle a = a opt' the five 

Po and P t o  f preceding equations a re  combined with the  equations f o r  

give : 

(5 cot a +[(- -1)-(- e - -)cot do a ]cos a } 
opt df df df opt opt - M g h - 1 )  

'f - 2A 

For 40' < a < 50°, the  terms involving the  r a t i o s  of the displace- 
opt 

ments w i l l  normally be very s m a l l  compared t o  e i the r  %/do or %/df, 

and w i l l  p a r t i a l l y  cancel. Also, f o r  expected values of m/M, (1 + m/M) a 

(1 + 2 -). 
P and P can be simplified t o :  

m 
M Then, with a maximum e r ro r  of less than 14, the  equations f o r  

0 f 



APPENDIX B 

TEMPERPlTURE-PRESSURE-MASS RELACCIONSHIPS FOR GAS W S F E R  

BETWEEN GAS RESERVOIRS 

The re la t ionships  between the  equilibrium gas temperatures, equ i l i -  

brium gas pressures, and masses of gas a re  derived f o r  t he  t r ans fe r  of 

gas through a pressure d i f f e r e n t i a l  from one reservoi r  t o  a second one 

at  a lower pressure. 

Consider the system shown i n  Fig. 23. The subscr ipts  "A" and "B" 

ind ica te  Reservoirs "A" and "B" respectively.  

i n  Fig. 23, pressure 

t = t 
gas flows from Reservoir "A" t o  Reservoir "B". 

before the  gressures equalize.  A t  a l a t e r  time t = t - corresponding 

t o  s t a t e  "2 the  valve i s  completely closed. 

For t h e  flow as indicated 

PA i s  always grea te r  than pressure A t  time pB 
- corresponding t o  s t a t e  "1'; the  valve begins t o  open so t h a t  1 

The valve is  closed 

2 

I n  addi t ion t o  the  assumptions l i s t e d  i n  Appendix A with regard t o  

the  gas, the following assumptions a re  made f o r  the gas flow: 

There i s  no heat flow between the reservoirs  or  through the 

reservoi r  walls. 
F r i c t iona l  losses  at the valve and at the  reservoir  walls are  

neglected. 

Body forces  act ing on the  gas a re  negl igible .  

S ta tes  "1" and "2" are equilibrium s t a t e s .  

The t o t a l  temperature of the gas i n  e i t h e r  reservoi r  i s  constant 

throughout the reservoir  at any time (no gradients) .  

1) 

2 )  

3)  

4) 
5) 

Control volumes a re  drawn about Reservoirs "A" and "B" as shown i n  

Fig. 24. 
. 

Consider an a rb i t r a ry  control  volume V enclosed by a surface 01 
Under the  assumptions made, the  general  energy equation at  constant sur 

volume reduces t o :  

and the  cont inui ty  equation is: 



Reservoir Reservoir * Sfl 

'A > 'B 

Figure 23. Gas Flow Between Two Reservoirs. 
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ontrol Volume 

\ 
Reservoir "Bt' I 

I 

Control Volume 

Figure 24. Control Volumes f o r  G a s  Flow Between Two Reservoirs. 
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Since the  gas i s  completely perfect :  

Then, the  r igh t  hand s ide of the energy equation becomes: 

where c T = (c  T ) since pv-$dS i s  the mass f lux  through the 

boundary 
p t  p t mass f lux  

pd.c is 
JV 

i s  assumed constant, and m = sur' (Tt)mass f lux  g 
the  m a s s  of gas enclosed by Su,* 01 

Next, the  r e l a t ions  : 

C 

C Y P =  
V 

can be combined t o  give 

where 
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The i n t e g r a l  of e + 1 v2 over the mass enclosed by sur becomes : 
2 g  

= c v t  T (1 + E)pd-r 

For the  ac tua l  flow problem being 

occurs at  the  valve. I f  th i s  veloci ty  

and v = WT, so t h a t :  2 
g 

f o r  a gas with y = 1.4.  Elsewhere i n  

considered, the  m a x i m u m  gas veloci ty  

i s  sonic, then (T/Tt) = 2/(y+1) 

e i t h e r  of the  reservoirs ,  the gas 

veloci ty  i s  much smaller. Then, i f  VOl corresponds t o  the control volume 

about e i t h e r  Reservoir "A" or  

so t h a t :  

"B", E may be neglected compared t o  unity, 

The energy equation f o r  e i t h e r  of the cont ro l  volumes becomes: 

f l u x  

or 
d dm g 
-(m T ) = Y(T ) - a t  g t t mass d t  

f l ux  
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For t h i s  flow problem, the mass flux i s  from Reservoir "A" t o  

always. Applying the  energy (Tt)mass f l u x  = 'tA Reservoir "B", so t h a t  

equation t o  Reservoirs "A" and "B" then y ie lds :  

dm 
d gB 

= YTtA d t  -(m T d t  gB t B  

The t o t a l  mass of gas i n  the  two reservoirs  mgA + mgB = mgAl + mgBl 
is  constant, so :  

Equations ( lb ) ,  (2b), and (3b) can now be integrated and combined 
with the  equation of state 

g 
the new gas temperature and the  new masses of gas i n  the  reservoirs  i n  

terms of the  new pressures, the  old temperatures, pressures, and masses, 

and other constants.  For a general  case with two f i n i t e  reservoirs  of 

volumes VA and VB, the  new temperature 

i n  Reservoir B, the  reservoir  being f i l l e d  are: 

(PV = m RT) f o r  the  reservoirs  t o  determine 

and new m a s s  of gas m 
TB2 gB2 

- 'B2 

'B2 'B1 

TBl  
(4b) - =  

'A1 'B1 'A l/r 
1+--- 

'Bl 'Al 'B 

and m a re  similar. Since s t a t e s  "1" and "2" The equations f o r  

are equilibrium states, the t o t a l  and s t a t i c  temperatures are  equal. 

Consequently, the t o t a l  temperatures have been replaced by the s t a t i c  

temperatures i n  Equations (4b) and (5b). 
!There a re  two important cases of t h i s  gas t r ans fe r  process. 

'A2 gA2 

The 

f i r s t  case i s  t h a t  i n  which gas i s  added t o  the  low pressure reservoir  from 

an i n f i n i t e  reservoir .  Reservoir "A" becomes an i n f i n i t e  reservoir .  Then, 

PA2 = PAS - - PA, TM = Tu = TA, and VA --t W. Equations (4b) and (5b) 
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reduce t o :  

- -  'B2 - 
TB1 

T I D  

The second case i s  t h a t  i n  which gas i s  vented from one reservoir  

i n to  an i n f i n i t e  low pressure reservoi r  (o r  vacuum). men, pB2 = pB1 = pB, 

TB2 = TBl = TB5 and VB -, m. For t h i s  case, only Equation ( l b )  i s  needed. 

It i s  e a s i l y  integrated t o  give: 

Equations (4b)-(gb) can now be used t o  examine the process of gas 

t r ans fe r  from one reservoir  t o  another. 
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APPENDIX C 

COMPUTEXI MODEL OF LUIVAf? POGO PROPULSION DYNAMIC OHBATING CYCLE 

In order t o  estimate the  amount of propulsion gas needed for t he  

Lunar  Pogo, a dynamic model of t he  operating cycle for a sequence of hops 

has been set  up. 

acceleration, free f l i g h t ,  and deceleration. Although the  model is  quite 

simplified,  it gives a good qual i ta t ive  idea of the interact ions i n  the  

hopping process and quant i ta t ive estimate of the  mass of gas needed. 

This model covers all phases of hopping: on ground, 

All pressure changes i n  the  cylinder a re  made by adding or venting 

gas ,  Gas i s  added t o  the  cylinder from a gas accumulator and i s  vented 

f romthe  cylinder t o  the  vacuum of the moon. Pressure changes must be 

made a t  two t i m e s  f o r  a hop. While the  Pogo i s  on the ground and a 

horizontal  range and climb have been selected,  the  pressure i s  adjusted 

t o  a t t a i n  t h i s  range and climb. 

a t  t he  beginning of deceleration),  the  pressure i s  adjusted t o  a t t a i n  a 

proper landing, i .e.,  terminal p i s ton  posi t ion.  

During free f l i g h t  (or, equivalently, 

For the  model, a l l  the  assumptions of Appendices A and B are made, 

i n  addi t ion t o  the  following assumptions: 

1) For a hop d = d t h a t  i s ,  the  p is ton  displacement i s  not d e’ 
changed during free f l i g h t .  

The launch i s  at optimum launch angle 

The pressure and temperature of the gas i n  the  accumulator 

supplying the cylinder are constant during the  times of gas addition. 

2 )  

3 )  
aopt. 

Under all of these assumptions and with appropriate symbol changes, 

Equations (6b)-(9b) are then used t o  describe the gas temperature and mass 

changes f o r  adding and venting of gas during a hop. 

(2a) are used t o  determine the  i n i t i a l  gas pressure needed for a hop and 
t he  f i n a l  gas pressure that must be at ta ined.  The adiabatic expansion 

r e l a t ions  (from P V ~  = const)  : 

Equations ( la )  and 

Pdy = const 

Td(y-l) = const 

58 



a re  used t o  determine the  pressure and temperature changes during 

accelerat ion and deceleration. With these s e t s  of equations, the  complete 

pressure, temperature, m a s s  t ransfer ,  and p is ton  displacement cycle can be 

followed through a hop. Figure 25 shows how these equations are arranged 

t o  follow P, T, m and d through a hop. 
g ’ 

A sequence of hops i s  now formed by specifying: (1) a set of ranges 

and launch angles, (2 )  a set of p i s ton  displacements f o r  each hop, (3) 

the  i n i t i a l  conditions of the  gas before the  f i rs t  hop, (4)  t he  temperature 

vmia t ion  of the  gas i n  the accumulator from hop t o  hop, and (5)  the  

var ia t ion  i n  main body mass from hop t o  hop. 

i s  then used t o  follow the  gas pressure, temperature, and mass through the  

sequence of hops. 

The flow chart  i n  Figure 25 

To see how the flow chart  works, assume (n-1) hops of a sequence have 

pf , been completed, and the  Pogo i s  on t h e  ground about t o  begin hop n. 

Tf, and m f o r  hop (n-1) are known. For hop n the  parameters do, d = gf e 

must be used t o  achieve the  specif ied range and climb) i s  calculated.  I f  

Po Pf 
the  cylinder while the  Pogo i s  on the  ground. Otherwise, gas i s  

vented. To and m f o r  hop n are now calculated from the  appropriate 

re la t ionships .  The Pogo goes through accelerat ion and Pe and Te are  

determined. 

Pf 
achieve the  specif ied 

is  taken t o  ca lcu la te  Pa. If Pe i s  grea te r  than Pa, gas i s  vented 

from the  cylinder while t he  Pogo i s  i n  f l i g h t .  Otherwise, gas i s  added. 

Ta and m are calculated from t h e  appropriate re la t ionships .  The 

Pogo goes t h o u g h t  deceleration and Tf i s  determined. This completes 

Hop (n+l )  can then hop n. 
be s t a r t e d  by specifying do, d e = d a’ df, M, Tact> 5.) and a fo r  i t .  

are specif ied.  Po f o r  hop n ( tha t  

f o r  hop (n- l ) ,  gas must be added t o  

opt ad, df l  M, Tact' %, and a 

f o r  hop n i s  grea te r  than 

go 

The Pogo en ters  f r e e  f l i g h t .  f o r  hop n (that must be reached t o  

dd and d ) i s  calculated.  From P a s tep  back 
f f 

gd 

Pf, Tf, and m a re  known a t  the end of hop n. 
gf 

opt 
The flow chart  of Fig. 25 was wr i t ten  in to  a computer program. Several 

sequences of hops were then considered. For a l l  of these sequences, the 

following addi t ional  assumptions were made: 
1) do, de = dd, df, M, and Tact are the  same f o r  a l l  hops. 
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XR,ni uopt,n 
Other changing parameters, 

I 

4 I 

I Acceleration 
t t  

I Deceleration 
i 

J 
r 

Figure 25.  Flow Chart f o r  Hopping Cycle Parameters 
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2 )  df = do f o r  a l l  hops. 

3) The cylinder i s  empty before the f i r s t  hop. 

Mostof the hopping sequences examined were carr ied out t o  about 40 hops - 
T a r  enough t o  see what the long term gas s t a t e  e f fec ts  i n  the cylinder 

were. 

Among the sequences examined was one i n  which the lunar t e r r a in  
0 consisted of a 50 f t  l eve l  grade, a 50 f t  uphi l l  slope a t  

a 50 f t  downhill slope a t  d = -10 

repeated. The Pogo parameters used f o r  t h i s  sequence were : 

d = 10 , and 
0 - the  pat tern being continuously 

M = 38 slug = 530°R 

2 
m = 2 slug A = 28.3 in- 

y = y(N2) = 1.40 d f = d  0 = 1 f t  
0 

d = d  = 3 f t  d e  R = R(N2)  z= 1775 ft-lb/slug- R 
2 g = 5.31 f t /sec 

Figure 12 shows the  Pogo doing a s e t  of three hops over the lunar t e r r a in  

at  the beginning of t h i s  sequence (dotted l i nes ) .  

ident ica l  hops a t  a l a t e r  point i n  t h i s  sequence i s  a l so  shown. 

Another set of three 

Note, tha t  for ident ica l  hops (range and launch angle), the  gas 

temperatures are lower and the gas masses are  higher for the  l a t e r  hops 

than f o r  the e a r l i e r  ones. 

m a s s )  of the gas i s  lower f o r  the later hops. 

a s t i l l  l a t e r  point were also known, the gas temperature would be lower 

and the gas masses would be higher than for the f i r s t  two sets, but only 

very s l igh t ly  d i f fe ren t  from the second s e t  of hops. Thus, f o r  t h i s  

model - at  leas t ,  there  i s  a secular change i n  the condition of the 

cylinder gas. 

l eve l  te r ra in ,  the average specif ic  energy of the  cylinder gas decreases 

from i t s  value f o r  the  i n i t i a l  hops of a sequence t o  a value which i s  

nearly constant f o r  hops a t  a point suf f ic ien t ly  late i n  the sequence. 

The "average" specif ic  energy (energy per unit  

I f  a th i rd  s e t  of hops a t  

For a sequence of hops, which "on the average" i s  over 

Using the hopping sequence described, an estimate of the amount of 

gas needed f o r  a mission of 1000 hops was made. Fromthe increments of 

gas added t o  the cylinder f o r  each hop, the mean amount of gas added 

per hop was determined. Summation of t h i s  mean amount of gas f o r  1000 
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hops and addition of a gas allowance of 755 t o  cover i n i t i a l  f i l l i n g  of 

the  cylinder,  r e f i l l i n g s  i f  necessary, rougher t e r r a i n s  (slopes steeper 

than d = 510 )., launches a t  non-optimum angles, ullage, and a safe ty  

reserve then l ed  t o  the  t o t a l  amount of gas estimated f o r  the Pogo as 
s t a t ed  on pp. 40-45 of R e f .  5 (SUDAAR 359, Semi-Annual Report). 

0 
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APPENDIX D 

OPTIMUM PISTON DISPLACEMENT RATIO 

There i s  an optimum pis ton  expansion r a t i o  (de/do)opt. Operating 

at @,/do) = minimizes the i n i t i a l  pressure and consequently 

the i n i t i a l  acceleration. From AppendixA, the equation for Po i s :  

For a constant de’ the optimum and consequently (de/do)opt i s  

found by s e t t i n g  (dPo/ado) = 0. Then: 

(M+2m)g(y-1)% t a n  a 

2Ad2 0 [ 1- ( do/de ) ( 
- - h-1) -11  

y-1) ]2 

= o  

or : 

Solving for (do/de) gives : 

1 
(-) (de/do)opt = Y Y - 1  

1 
Similarly, operating at 

the f i n a l  pressure and the f i n a l  acceleration. 
( dd/df) = ( dd/df )opt = y w i l l  minimize 
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APPENDIX E 

PROPULSION ANALYSIS SYMBOL DEFINITIONS 

area of piston face 

in t e rna l  energy 

b a l l i s t i c  rise l i n e  

average-slope rise l i n e  

main body mass 

gas pressure 

gas constant 

surf ace 

gas temperature 

volume 

horizont a1 coordinate 

b a l l i s t i c  range 

horizontal  range 

v e r t i c a l  coordinate 

b a l l i s t i c  climb 

v e r t i c a l  climb 

accelerat ion 

spec i f ic  heat at  constant pressure 

spec i f ic  heat at constant volume 

displacement of pis ton cylinder 

spec i f ic  i n t e r n a l  energy 

accelerat ion of lunar gravi ty  

accelerat ion of terrestial  gravi ty  

spec i f ic  enthalpy 
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ef fec t ive  force constant keff 

m 

f m 

m 
g 

m 

& 
P 

gmax 

9 3  
n 

m + m  + m  

mass of foot  
f l P  

mass of gas 

mass of t h rus t  l e g  

mass of p i s ton  face 

m a x i m u m  mass flow r a t e  through valve 

mass of gas added per hop 

number of hop 

6 un i t  outward normal 

t time 

V veldci ty  of center of mass of main body o r  system 

V gas veloci ty  

a launch angle 

B landing angle 

Y spec i f ic  heat r a t i o  

E 

P mass density of gas 

SUBSCRIPTS 

A Reservoir "A" 

B R e  servo i r "B 

ac c accumulator 

a t m  atmospheric ( terrestrial)  

d disengagement 

e engagement 



f i n a l  

maximum 

i n i t i a l  

optimum 

pickup (of leg) 

to t a l  

stat e ''1" 

state "2 '' 

plus 

minus 
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APPENDIX F 

ANGULAR OFFSET E WQUIRED TO PROVIDE = 0 AT 8 = 0 

W O N  LANDING 

When the  vehicle lands, the  main body moves down the l eg  compressing 

the  gas i n  the cylinder.  

not constant. 

instantaneously upon impact. Referring t o  the  coordinate of Fig. 13, the 

equations of motion assuming no foot  slippage and a f r e e  pivot a r e  

So the  mass center  t o  pivot point distance i s  

Assume t h a t  the  foot  and l eg  lo se  t h e i r  k ine t i c  energy 

.. .. 
I 8 + 2mr re - mgr s i n  8 = 0 
P 

The term A~o[do/(r-ro+do)Y] i s  the  force t h a t  the compressed gas exer ts  

on the  main body. 

at  t = t (disengagement) a re  

The i n i t i a l  conditions f o r  these d i f f e r e n t i a l  equations 

a 
= 'd r ( t d )  = rd 

G ( t d )  = - v(t,) cos E 

An i t e r a t i v e  procedure must be used t o  determine the value of epsilon such 

t h a t  t he  vehicle w i l l  come t o  the  v e r t i c a l  with zero angular velocity.  
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APPENDIX G 

CaCULATION OF COMIROL MOMENTS FOR TYPICAL LUNAR HOP 

Symbols r e l a t ing  t o  the hopper a re  defined i n  Appendix H and 

Figure 14. The governing l inear ized equations are 

The charac te r i s t ic  equation of t h i s  matrix i s  

4 b 3  2h 2 S + g S  + - ( h + k i ) S  + - S = O  IJ IJ 

Assume cp(0) and $(O) me both zero. Then, 

After l i f t - o f f ,  the  vehicle must be rotated t o  the proper landing orienta- 

t ion.  If we assume a 45 launch angle and no change i n  elevation, the 

landing angle is -45' or  a net ro ta t ion  of 90': This w i l l  be the most 

c r i t i c a l  requirement on the control system. 

t h i s  maneuver i n  about 4 seconds f o r  a typ ica l  50 f t .  hop. 

assume e ( o )  = 4(0) = 0, M~~ = 0, and = n/2. Then the  above 

equations become 

0 

The vehicle must accomplish 

For example, 
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k0 - -(+) J 
a =  

3 b 2  2h 2hke 
s [ S  + 5 S + -(h+ki,)S + -1 IJ IJ 

A preliminary estimate i s  t h a t  the moment of i n e r t i a  of the vehicle i s  

1 = 400 kg-m . 
each have a radius of gyration of 0.25 meter. 

then m = 10.6 kg. 

The charac te r i s t ic  equation becomes 

2 2 Assume h = 200 kg-m /sec f o r  each gyro wheel and l e t  

Choose 0) = 300 rad./sec., 
2 Assuming the wheel t o  be a t h i n  disk, J = 0.333 kg-m . 

3 2 + 3.0 bS S + 3.0(200 + ki,)S + 3.0 ke = 0 

o r  
2 -3k0 = S[S + 3bS + 3(200 + ki)] 

We axe dealing with a t h i r d  order system, and desire  the response time 

(i,.e., the time when 0 reaches 95% of i t s  steady s t a t e  value) t o  be 

4 seconds. Also, zero overshoot i s  desirable.  Zero overshoot can be 

accomplished as  long as the simple pole l i e s  on or t o  the r igh t  of the 

l i n e  joining the complex poles. These requirements can be met with co 
between 1 and 2 rad./sec. and CX/Ew, between 0.7 and 1, where a i s  

the locat ion of the r e a l  pole. 

n 

The problem then becomes one of locating the open loop poles so tha t  

the root locus passes through an acceptable region of the  complex plane. 

For example, choose open loop poles a t  -1.8&6j, 0. Then b = 1.2 and 

ki = -198.1. For these poles the root locus versus k0 i s  shown i n  

Fig. 26. 

poles and corresponds t o  a gain ke = 0.9.53 ( the  system goes unstable 

at  a gain ke = 21). 

equation are  s = -1.2&L.2j, -1.0. Consequently, 

The minimum of the locus meets the requirement for closed loop 

A t  t h i s  gain, the roots of the charac te r i s t ic  

Expanding in to  p a r i a l  f ract ions,  there  r e s u l t s  

1.57 -3 03 .738(1-0.7153) + .738(1+0.715j) e ( s )  = - + - + 
S S+1 S+1.2+1.2 j S+1.2-1.2 j 



)( - OPEN LOOP POLES 

0 - CLOSED LOOP POLES 

+2 

+1 

Figure 26. Root Locus.  



From which, 

-1.2t e(%) = 1.57 - 3.03e-t + 1.81e s in ( l . 2 t  + q1); ql = 125'34' 

c p ( t )  = -3.03e-t + 3.04e s i n ( l . 2 t  + q2); q2 = 9g029' 

I n  the  steady s t a t e ,  8 = x/2. A t  t = 4 sec., 8 = 1.52 rad. The 

maximum value of cp occurs at approximately 1.17 sec. and i s  approximately 

-52 . We see t h a t  cp i s  r e l a t ive ly  large,  cer ta in ly  out of the l i nea r  

range. However, t h i s  is  expected. I n  order t o  move the vehicle through 

90' i n  four seconds, a r e l a t ive ly  large angular velocity must be imparted 

t o  the vehicle and t h i s  is  done by t ransferr ing momentum from the gyros 

t o  the vehicle. If  a smaller angle cp i s  desired, then the  gyros must 

have more angular momentum. 

go as high as 6Oo-7O0. 
required angular momentum of the gyros. 

response has been assumed very sluggish. 

t o  make the gyro response very fast and put i n  stops a t  65-75'. 
such f a s t  response, the  gyro gimbals open rapidly and h i t  the  stops and 

remain there  as the vehicle ro ta tes .  As 8 nears BC, the gyros back 

off from the  gimbals. 

0 

However, there i s  no reason why cp shouldn't 

The greater  the allowable angle, the lower the  

I n  t h i s  example, t he  system 

A more r e a l i s t i c  approach i s  

With 

I n  the  preceeding example, the  torque i n  the gimbals is  

T = ke(8-ec) + kJ6 - b@ 

Presumably, the 

between the gimbals, so bc$ w i l l  no t  need t o  be produced e lec t r ica l ly .  

From €he standpoint of power used i n  actuators, the torque of i n t e re s t  

bC$ torque w i l l  be producqd viscously by a damper 

is . 
T = ke(8-ec) + kG8 

and f o r  t h i s  example, 

T = .953[-3.O3emt + 1.81e sin(l.2-t + 2.2) 

-1.98.1[3.O3eet - 3.04e-1'2t s in ( l . 2 t  + 1.735)] 

Thus at t = 1 sec., 
2 m 

sec 
T 184.19 kg 7 = 135 f t - lb s .  
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APPENDIX H 

CONTROL THEORY, LIST OF SYMBOLS 

damping constant 

charac te r i s t ic  velocity 

th rus t  

acceleration of lunar gravity 

angular momentum of gyro wheel 

moment of i n e r t i a  of the  vehicle 

moment of i n e r t i a  of gyro wheel about a diameter 

gain i n  the e-feedback loop 

gain i n  the @-feedback loop 

center of mass t o  foot distance 

mass 

mass of the foot 

mass of the gyro system 

radius of the foot  

t i m e  of f l i g h t  

control  torque on gyros 

velocity of the center of mass of the vehicle 

5 
reorientat ion required about p i tch  between launch and landing 

velocity iurpulse which i n i t i a t e s  a hop 

angle between the veloci ty  vector and thrust l eg  
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e 

c 
e 

E 
d 

rp 

cu 

u) n 

angle between the thrust  leg  and the v e r t i c a l  

commanded angle 8 

damping r a t i o  

slope of t e r r a i n  

angle of gyro wheel with respect t o  gyro control ler  frame 

angular velocity of gyro wheel 

natural  frequency 
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